Physical activity (PA) has been inversely associated with postmenopausal breast cancer risk. However, it is unclear how and in which life periods PA may be effective to reduce breast cancer risk. Moreover, the evidence is still not judged as 'convincing' as there is some heterogeneity among study results. Most studies regarded breast cancer as a single disease, at best separated by menopausal status. Yet, breast cancers are heterogeneous and likely have different etiologies. Therefore, we analyzed the association of PA with different breast cancer subtypes in 3,414 postmenopausal cases and 6,569 controls from a case-control study on breast cancer conducted [2002][2003][2004][2005] in Germany (MARIE study). PA in the age periods 30-49 and 50+ years was assessed, including leisure-time PA (sports, cycling, walking) and non-recreational PA (occupational and household activities). There was a significant protective effect of leisure-time PA for ER+/PR+ carcinomas (adjusted odds ratio = 0.71, 95% confidence interval: 0.60, 0.85; trend P = 0.0001), but no effect for ER-/PRcarcinomas. Moreover, looking at physical activity pattern over time, the effect of PA after menopause on reducing breast cancer risk was more pronounced than the effect of PA before menopause. Overall, effects of PA were independent from adult weight gain, body mass index, and energy intake. These findings suggest that leisure-time PA after menopause may reduce postmenopausal breast cancer risk at least in part via hormonal pathways and not solely by changing body composition. Inactive postmenopausal women should be encouraged to become physically active even later in life. (Cancer Epidemiol Biomarkers Prev 2008;17(12):3402 -10) 
Introduction
Epidemiological evidence suggests a probable inverse association between physical activity (PA) and postmenopausal breast cancer risk (1, 2) . However, the periods in life in which PA is effective and the mechanisms of action of PA on carcinogenesis are still unclear. Proposed mechanisms include alterations in steroid hormones, changes in body composition, immune modulation, free radical generation, and direct effects on the tumor. Since cancer is a complex process, multiple mechanisms may be operative. Type, intensity, and timing of PA may affect the mode of action of PA on the disease, possibly further depending on characteristics of the individual, stage of carcinogenesis, and tumor characteristics (3, 4) . To date, most epidemiological research has regarded breast cancer as a single disease, at best separated by menopausal status. Yet, clinical, pathological, epidemiological, and molecular knowledge suggests that breast cancers are heterogeneous and may have different etiologies (5) . Information on the association of PA with breast cancer according to hormone receptor status, histology, HER-2/neu status, or tumor grade (degree of differentiation) is scarce and inconsistent (6) (7) (8) (9) (10) (11) (12) . Such detailed analyses might provide insight into the mode of action of PA. Therefore, we investigated the associations of PA performed in mid-life and post-menopausal with different breast cancer subtypes.
Materials and Methods
Study Population. The MARIE study is a large population-based case-control study of postmenopausal breast cancer carried out on women aged 50 to 75 years in [2002] [2003] [2004] [2005] in two study regions in Germany. Study details have been published recently (13) . Patients with histologically confirmed first primary invasive or in situ breast cancer were identified through frequent monitoring of hospital admissions, surgery schedules and pathology records of the 51 clinics serving our study regions. Per case who had given informed consent, two controls were randomly drawn from lists of residents provided by the population registries and frequency matched by birth year and study region to the cases. The study was approved by the ethics committees of both the University of Heidelberg and the University of Hamburg. All study participants gave written informed consent. Face-to-face interviews were conducted by trained interviewers using a standardized questionnaire to elicit information on demographics and all known and Assessment of Physical Activity. Physical activity was assessed for the age periods 30-49 and 50+ years using a detailed interview-administered validated questionnaire (14) . It first asked for occupational PA, i.e. number of years and hours per week employed during the considered age period, and whether tasks were sedentary, moderate, or physically strenuous. Next, splitting a typical week into weekdays and weekend, the total number of hours per week spent doing household tasks (including gardening and child care) was recorded. Similarly, the number of hours per week spent walking and the number of hours per week spent cycling were recorded. Finally, participants were asked to list up to three sports performed during the selected age periods, including sport type, duration, and frequency. A metabolic equivalent (MET) value was assigned to each reported activity according to the Compendium of Physical Activities (15, 16) , i.e. MET values 3, 4 and 6 for household activity, walking and cycling, and MET values 1.5, 3, and 6 for sedentary, moderate, and physically strenuous occupational activity, respectively. Leisuretime PA in MET-hours per week was calculated by summing the average hours per week spent walking, cycling, and engaged in sports, weighted by the appropriate MET values. Likewise, non-recreational PA was obtained from occupational PA and household activity. Total PA values were calculated as the sum of leisure-time and non-recreational PA. These PA variables were generated for each age period separately, as well as over the whole period since age 30 years. On average, household activities contributed most to total MET-hours per week, followed by occupational PA and walking. Cycling and sports added fewer MET-hours to total PA, because about one third of women were not engaged in these activities.
Statistical Methods. Associations between PA variables and breast cancer risk overall were assessed with conditional logistic regression models stratified by the matching variables region and year of birth. Activity variables were categorized according to the quintiles of the control group. All analyses were conducted using SAS (version 9.1). The association between PA and breast cancer subtypes was modeled using polytomous logistic regression with the control group as the reference population and region and year of birth as covariates. Subtypes of invasive breast cancers were defined according to estrogen and progesterone receptor (ER, PR) status, histological types, HER-2/neu status, and tumor grade. As potential confounders we investigated the following variables: First degree family history of breast cancer, age at menarche, number of full-term pregnancies, age at first pregnancy (categorical, combined with "no pregnancy"), ever breastfeeding, duration of breastfeeding, ever benign breast disease, number of mammograms before diagnosis/reference date, age at menopause, type of menopause (natural, induced, hysterectomy, hormone therapy, other), HT use (categories: never, current, or recency of use: 7-12 months, 1-3, 3-5, 5-10, 10-15, 15+ years), occupational status, education, smoking (never, ex-smoker, current), alcohol, body mass index (BMI), and adult weight gain. None of these variables altered the point estimates for the PA variables substantially. In the final models we included those covariates that showed a significant effect on postmenopausal breast cancer. Linear trends were tested by entering PA as a continuous variable into the models. In addition, to further examine non-linear relations, we used the method of fractional polynomials (17) . The continuous activity variable was entered in the multivariate logistic regression model via a set of defined transformations {x
, log(x)}, allowing a maximum of two terms in the model. The best-fitting function was selected on the basis of the -2 log likelihood of the respective model. Case-case comparisons based on this functional form were performed to evaluate heterogeneity between cancer subgroups (P diff ). Regarding PA since age 30 years, only leisure-time PA showed a protective effect: breast cancer risk decreased with increasing leisure-time PA, and although the linear trend was not statistically significant, women in the highest quintile were at a significantly reduced risk relative to those in the lowest quintile (Table 3) . For activity since age 50 years, effects were more pronounced, with an odds ratio (OR) of 0.90 (95% confidence interval (CI): 0.79, 1.04; linear trend P = 0.027) for the highest vs. lowest quintile of total PA (>233.3 vs. V122.3 MET*h/wk) and an even stronger protective effect for leisure-time PA (OR = 0.81; 95% CI: 0.70, 0.93 for the highest (>76.5) vs. lowest (V36.0) quintile; linear trend P = 0.017). Non-recreational activity showed no strong protective effect and no significant trend, neither as a single activity variable in a logistic model nor when adjusted for leisure-time activity (data not shown). More specifically, leisure-time and total PA was inversely associated with invasive carcinomas but not with carcinomas in situ. Table 4 presents effects of leisuretime PA since age 50 years on in situ carcinomas and different breast cancer subtypes. In general, linear and non-linear models yielded similar results. Comparing invasive and in situ carcinomas resulted in P diff = 0.050, based on only 205 in situ cases. Separating invasive tumors by receptor status, leisure-time PA since age 50 was inversely associated with the risk of ER+ as well as of PR+ carcinomas, but not with the risk of ER-or PRcarcinomas (Table 4) . Considering ER/PR combined, the effect of leisure-time PA on ER+/PR+ differed significantly from the effects on ER+/PR-(P diff = 0.028), ER-/ PR+ (P diff = 0.024), and ER-/PR-(P diff = 0.028), with more active women having reduced risk for ER+/PR+ carcinomas compared to less active women (OR = 0.71; 95% CI: 0.60, 0.85 for the highest vs. lowest quintile; linear trend P = 0.0001), but no effects for the other receptor-types.
Results
We further investigated associations between PA and breast cancer subtypes with respect to histology, HER-2/ neu status, and tumor grade. As the distributions of these characteristics are not independent from the receptor status (Table 2) , we performed these subtype analyses also restricted to receptor positive tumors (Table 4) . Histological and HER2-neu subtypes might vary slightly with respect to the magnitude of the protective effect, but numbers of lobular and HER2-neu+ cases were low, and differences were not statistically significant. Regarding grade, the protective effect of PA appeared to be limited to low-grade tumors. Yet, when considering ER+/PR+ carcinomas only, there were no significant differences in risk reductions between the different grades. Considering ER-/PR-carcinoma only, no clear associations with any breast cancer subtype were found, but sample sizes were generally small (data not shown). There was no confounding by adult weight gain, BMI, and energy intake (kcal/day; assessed by a detailed food frequency questionnaire). Thus, effects of leisure-time PA on ER+/PR+ carcinomas appeared to be independent from the effects of these variables (data not shown).
To investigate the effect of activity in different age periods, we classified for both assessed age periods the 
Discussion
We found an inverse association between physical activity and postmenopausal breast cancer risk, which was most pronounced for leisure-time PA. The protective effect was restricted to hormone receptor positive invasive carcinomas. PA after age 50 years appeared to be more effective at preventing postmenopausal ER+/PR+ carcinomas than PA in earlier adulthood. Further, the effect of PA on breast cancer subtypes was independent from the effect of adult weight gain, BMI, and energy intake. This study found no protective effect of PA for carcinoma in situ. After separating invasive carcinomas by histology, HER-2/neu status, or grade no substantial effect modification was seen. The magnitude of the protective effect might vary slightly but not significantly among histological and HER2-neu subtypes.
To date, this is the largest case-control study with comprehensive assessment of physical activities for two different age periods, assessing risk of breast cancer subtypes. All known or suspected confounders were recorded, with special emphasis on HT use. Limitations of our study also need to be considered. Despite great efforts, response rates were low, potentially introducing selection bias. Information collected by short questionnaire from subjects who refused full participation indicated that full participants were better educated. However, we found no strong association between education or occupational status and leisure-time PA. Moreover, it is unlikely that the effect modification by the breast cancer subtypes would have been substantially affected by a potential selection of cases. As with all casecontrol studies, recall bias is a potential threat. Since at that time interviews had been performed, PA was not a major topic for breast cancer patients in our study regions, differential recall of activity among cases and controls is unlikely. However, despite recall aids in the interviews, it cannot be ruled out completely that PA in the past (30-49 years) was less well recalled than PA in more recent years (age 50+), potentially leading to the weaker association between PA in mid-life and breast cancer risk. Furthermore, our questionnaire had some limitations in assessing non-recreational activity (occupational and household tasks). Household tasks comprise many different, often unstructured and intermittent activities, but for the sake of interview duration the questionnaire did not assess the types of household tasks (which included gardening and child care). Thus, activities of very different intensities such as dusting or heavy gardening were assigned the same MET value. In addition, the considered age periods were relatively wide, but the questionnaire was inappropriate to catch changing household activity patterns, e.g. when switching from full-time employment to maternal leave within the considered age periods. Hence, non-recreational activity may have been assessed with considerable measurement error. In contrast, sports were assessed more precise by specifying the number of years, duration, frequency, and type of sports. Walking and cycling was assessed similar to household activity, but these activities are well-defined and general walking and cycling pattern may be more constant over time. These might be reasons for our finding that including nonrecreational activity in the analysis resulted in a weaker association with breast cancer than considering leisuretime activity only. However, most previous studies on physical activity and breast cancer considered leisuretime activity only, and several of them found an association (1). It is still unclear whether the more intense, less interrupted, and often longer lasting leisure-time activities may have different biological effects in the body than typical household activities. Finally, analyzing various breast cancer subgroups and considering different activity types from different age periods leads to multiple comparisons. We did not adjust for multiple comparisons, as this is not a confirmatory but rather an explorative analysis to gain hints on mode of actions of PA on different breast cancer subtypes. Our findings of effect modification by hormone receptor status need to be confirmed in other studies. Future research should take into account that various breast cancer subtypes with potentially different etiologies exist. Few studies (6) (7) (8) (9) (10) (11) (12) have analyzed the effect of PA on breast cancer subtypes with respect to ER or ER/PR status, and results are inconsistent. While we found risk reductions only for ER+/PR+ carcinomas, other studies found protective effects of exercise for ER+/PR+ as well as for ER-/PR-breast cancers (6) , for ER+ and ER-carcinomas (10), or for ER+ cases and cases overall (8) . In the US Womens Health Study (12) , recent recreational PA showed a clear significant protective effect on overall postmenopausal breast cancer risk, but no effect was seen when only ER+/PR+ carcinomas (n = 157) were considered. Other studies found most marked reductions for ER+/PR-, and borderline or non-significant reductions for ER+/PR+ and ER-/PRcarcinomas (7, 9) . However, in one of these studies (9) activity categories were based on only two questions where 'high activity' reflected extreme activity, and in the latter study (7), 34% of cases had unknown ER/PR status, for which a strong and significant inverse association with recreational PA was seen. In contrast, the California Teachers Study (11) found clear reductions of ER-/PR-cancer risk but not of ER+/PR+ or ER+/PRrisks. However, in that study moderate and strenuous recreational activities were analyzed separately, and walking or cycling for locomotion were not assessed. Thus the effect of overall recreational activity on ER+/ PR+ risk is unclear. Their finding of a risk reduction for ER-/PR-carcinoma seems to be in contrast to our findings. Yet, clear reductions were only seen with at least 3.5h exercise per week, which in our population was rarely reached. Our highest quintile of leisure-time activity since age 50 could be reached, for example, already with a combination of 2h walking and 0.5h cycling for locomotion daily without any additional sports. In all of the above mentioned studies including our own, ER and PR status were analyzed only as dichotomous variables. However, receptor status is in fact a quantitative characteristic with extreme variation. Several methods of evaluating hormone receptor status exist, and there is much debate about the correct cutoff point for distinguishing ER+ from ER-or PR+ from PRtumors (18) . Particularly in older studies, assessment of ER and PR status were not standardized. Thus, there may have been considerable misclassification of hormone receptor status, which could have biased some previous study results towards a finding of no difference between receptor groups.
Our results suggest that in women who are physically active after menopause the risk of invasive postmenopausal breast cancer may be reduced at least in part via steroid hormonal pathways. Epidemiological studies have found direct associations between endogenous levels of steroid hormones and postmenopausal breast cancer (19, 20) , especially ER+/PR+ cancer (21) . In postmenopausal women, circulating estrogens are derived largely from aromatization of androstenedione to estrone in the adipose tissue. Additionally, postmenopausal breast cancers produce intratumoral estrogen. Estrogen activates estrogen receptor (ER) through genomic and non-genomic pathways, which leads to processes that promote the proliferation of breast cancer cells. ER can also be activated by signal crosstalk between estrogen and growth factors such as epidermal growth factor and insulin-like growth-factor-1 (22) . Women who are physically active during postmenopausal years may have lower concentrations of serum estrone, estradiol, and androgens, which are precursors of estrogens, than inactive women, and levels of sex hormone binding globulin may be increased (23) (24) (25) (26) (27) . In contrast to the reduction of ER+/PR+ carcinoma risk, we found no reduction of ER+/PR-carcinoma risk in physically active women, with all ORs around one. Thus, one may speculate that PR is important in the mode of action of PA on breast cancer. Evidence is increasing that progesterone plays a key role in the regulation of cell proliferation and differentiation in the mammary gland. A recent study demonstrated that, either in ER+ or ER-cell context, progestins induced proliferation and regulated proteases activity and metastasis through PR ability to activate c-Src dependent signaling pathways (28) . The expression of PR is up-regulated by estrogen stimulation (29) , hence PR expression might be affected by exercise via reduced estrogen levels. Further, there is some limited evidence, that exercise may decrease plasma levels of progesterone (30, 31) .
To our knowledge this is the first study investigating the association of PA and breast cancer subtypes according to histological type. Evidence exists that lobular carcinomas tend to present higher numbers of hormone receptors and are more hormonally responsive than ductal carcinomas (32) . This could be one reason for the observed (non-significant) slight differences in the magnitude of the protective effect regarding lobular and ductal hormone receptor positive carcinomas. However, larger numbers of lobular cases are needed, and the quantitative nature of ER and PR expression should be taken into account in future epidemiological studies. More recent molecular research found divergent complex pathways towards invasive breast cancer, which suggest that grade (degree of differentiation), more than any other clinico-pathological parameter, reflects the extent, complexity, and type of genomic aberrations (33) . Our finding of no clear effect of PA on grade 3 carcinoma risk overall, but comparable effects on grade 1, 2, and 3 ER+/PR+ carcinoma risks, supports the view that hormone receptor status rather than different genetic alterations in low-and high-grade tumors might be relevant for a protective effect of PA on breast cancer.
For carcinoma in situ we found no protective effect of PA in either age period. However, ER/PR information of carcinoma in situ was not available. Hence, associations between PA and receptor positive carcinomas in situ could not be analyzed. Furthermore, the majority of in situ carcinomas are detected by mammograms, and the proportion of women with regular mammograms among in situ cases was higher than among controls or among cases with invasive carcinoma (81%, 53%, 61%, respectively). Women with regular mammograms are potentially more health conscious, and hence might tend to be physically more active. Thus a true effect of PA on carcinoma in situ might be biased towards null. However, even when we restricted the analyses to cases and controls with regular mammography, there was still no protective effect of PA on carcinoma in situ. Compatible with our results, a study with 1,689 in situ cases (34) found neither an association of lifetime recreational PA nor strenuous occupational PA with risk of breast carcinoma in situ, while recreational PA was associated with a reduced risk of invasive breast cancer.
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Up to date it is unclear in which periods of life PA is most effective to reduce breast cancer risk (1) . Women who are very active at younger ages tend to be among the more active group also at later ages, and inactive young women tend to be also rather inactive in later life. Thus, PA measures of different age periods are often highly correlated, and therefore, few studies were able to identify a time in life when PA had the greatest association with breast cancer risk. Due to our large sample size, we were able to investigate the effect of varying activity levels in midlife and postmenopausal years. Our results that show protective effects of leisure PA since age 50 years on ER+/PR+ carcinoma risk irrespective of the activity level at age 30-49 years, suggest that PA in later life may be more effective at preventing postmenopausal breast cancer than PA in earlier adulthood. Accordingly, a large case-control study (36) found the strongest breast cancer risk reduction for activity done later in life, particularly between menopause and the reference year. Compared to women who were in the lowest total PA tertiles before and after menopause (never-exercisers), late-life exercisers had a risk reduction similar to life-long exercisers, while early-life exercisers had no clear risk reduction. A large Swedish study (37) found that recent leisure-time activity was associated with a reduced risk of postmenopausal breast cancer in contrast to activity from age 18 to 30 or during childhood. In contrast, the Shanghai Breast Cancer Study (6) found similar risk reductions for early-life and late-life exercisers (any sports in either adolescence or the previous 10 years), but stronger risk reductions for life-long exercisers.
In summary, we found an inverse association of leisure-time PA (walking, cycling, sports) with hormone receptor positive invasive breast carcinoma risk in postmenopausal women. Our results suggest that the mechanism of action of PA on postmenopausal breast carcinogenesis might include at least in part steroid hormonal pathways. Hereby, PA seems to act not solely via changes in body composition. These results need to be confirmed by future research, which should take the heterogeneity of breast tumors into account. In addition, PA after menopause seemed to be more relevant than PA before menopause for the reduction of postmenopausal breast cancer risk. While for several other diseases evidence exists for a beneficial effect of physical activity through all ages, postmenopausal women who are nevertheless still inactive should be encouraged to become physically active even later in life.
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